Electrochemical impedance spectroscopy (EIS) was employed to investigate diffusion of AlCl ions was calculated from the slope of the Warburg line in a totally blocking film in the graphite electrode and was found to be 2.8 × 10 −10 cm 2 /s.
Introduction
Electrochemical impedance spectroscopy (EIS) is one of the most universal and powerful electroanalytical techniques for the fine characterization of chemical kinetics and transport processes occurring in thin-coated and ion-insertion electrodes. Boundary conditions have a strong influence on the control of diffusion processes in electrochemical systems. For these systems, with mobile ions, diffusion flux implies a Warburg-like impedance; this impedance is a ω 1/2 function.
Z(iω) ∝ (iω)
However, in many cases, impedance measurements of diffusive processes give rise to power laws in frequencies that deviate more or less from the exact 1 /2 -exponent law in Eq. (1) .
−β/2
where ω is the angular frequency of the external electric field. The Warburg-like impedance can be calculated from Fick's laws of diffusion for a process with a vanishing relaxation time, 1 or from a generalized diffusion equation for processes with a nonvanishing relaxation time. 2 The selective nature of borders and the diffusion length are very important in determining the Warburg impedance from Fick's equation or from a generalized diffusion equation. Usually, the solutions of these problems are limited only to semiinfinite boundary conditions. However, the boundary conditions for real electrochemical systems are neither totally transmissive nor reflective conditions; the borders of real systems show a partially transmissive or reflective nature. Analyzing the Nyquist plot in impedance spectra is one of the best techniques for monitoring some of the changes occurring within intercalation compounds during insertion and extraction.
The aim of this paper was to calculate, in the framework of extended irreversible thermodynamics, Warburg-like impedance for an electrochemical molten system (AlCl 3 -NaCl-KCl) with generalized boundary conditions for processes with a nonvanishing relaxation time into the graphite electrode. In view of the application, a few preliminary reports showed that carbon nanotubes can also be produced in the liquid phase by molten salt electrolysis at mild temperatures. The graphite intercalation of alkali metal plays an important role in the formation of the electrolytic carbon nanotubes. 5, 6 The low temperature of this eutectic is appropriate for this application.
Experimental
Materials used in this work were of analytical grade, from Merck. AlCl 3 was redistilled while NaCl and KCl were dried at 300
• C prior to use. The fused electrolyte, with a composition of 66:20:14 wt.% (AlCl 3 -NaCl-KCl) that was equivalent to 48.2:33.4:18.4 mol%, had a melting point starting at around 115 • C and terminating at nearly 120 • C as measured in our laboratory. The molten electrolyte was a 1-phase clear liquid at 140 • C, the temperature at which the electrochemical studies were performed. The handling of the materials and the procedures concerning the preparation of the fused electrolyte were much the same as reported elsewhere.
7−9
The experiments were carried out at 140
• C in a conventional 3-electrode cell with a hand-polished graphite rod, with a surface area of 0.22 cm 2 forming the working electrode. Its potential was monitored against a Ag/AgCl electrode placed inside the melt. A large graphite rod was used as the counter electrode. The electrochemical cell was powered by an EG&G 273A potentiostat/galvanostat coupled with a Solartron 1255 frequency response analyzer run by a PC with M270 and M398 commercial software. The frequency range of 100 kHz to 10 mHz and a modulation amplitude of 5 mV were employed for the impedance studies. The electrical impedance was calculated without subtracting the uncompensated resistance or the double-layer capacitance. Fitting of the experimental data to the proposed theoretical models was done by means of homewritten least square software based on the Marquardt method for optimization of functions and Macdonald weighting for the real and imaginary parts of the impedance. EIS can access relaxation phenomena over many orders of magnitude and has been employed for the study of the kinetics of the charge-transfer process into and across electroreactive films.
10−12
The processes that occurred in the course of the redox transition of the film are a combination of electron transfer at the film/solution interface, slow diffusion of interstitial ions in the solid lattice of film, flip-flopping of ions across the film/solution interface, and fast ion transport in the bulk of the solution.
13,14 Accordingly, the Faradaic current, which passes through the film/solution interface, is a function of AlCl − 4 ion concentration, and the potential at this interface and the 2 potential steps of δE 1 through the film andδE 2 at the film/solution interface dominate. The electrochemical impedance Z f is calculated as the ratio of potential to current under a small perturbation of potential. Therefore, the Faradaic impedance is 
and the flux of charged species at the film/solution interface, using the Taylor series expansion and the Laplace transform, is
In this equation
where the subscript ion represents the solid-state diffusing ion. Meanwhile, d is the mean diffusion length equal to the thickness of the graphite, D ion is the diffusion coefficient of AlCl 
where τ ion = d 2 /D ion is the time constant of the diffusion process. Another approach that can be used to interpret the impedance response is the model of the wave transmission in a finite-length RC transmission line, 15 which was used for a porous electrode or an electroreactive film. 16 In this expression, the Faradaic impedance is
where R ct is the charge-transfer resistance, R F LW analogizes the resistance of the diffusion of a species through a finite length, and C F LW describes the capacitance of the finite space. By comparing Eqs. (7) and (8), the following can be deduced.
As the bias of the system is systematically varied, different signatures were observed in the Nyquist diagrams and different processes dominated the electrochemical characteristics of the film. These behaviors were modeled by the dominance of different components in electrical equivalent circuits. The Nyquist diagrams are better interpreted if constant phase elements (CPEs) are replaced with the pure capacitances in an inhomogeneous surface. The impedance of these elements is
where T 0 is the CPE coefficient and n is the CPE exponent. For perfect capacitance, n is equal to unity.
In the Nyquist diagram recorded at the DC potential of -1.14 V (Figure 2 ), a capacitive depressed semicircle appeared. The DC potential of -1.14 V is around the potential of the cathodic peak of AlCl
reduction. The Nyquist plot in Figure 2 shows the formation of double-layer capacitance with a charge-transfer resistance of AlCl − 4 anions in the working electrode surface at DC offset potential -1.14 V vs. Ag/AgCl. An electrical equivalent circuit model was employed for the analysis of this Nyquist diagram, which is shown in the inset of Figure 2 . The fitted Nyquist diagram using this equivalent circuit is also shown. In this circuit, R 1 , CPE dl , and R 2 are the solution resistance, a CPE that describes the double-layer capacitance, and the charge-transfer process of an aluminum redox couple, respectively.
At the DC potential of -1.16 V (Figure 3) , the diameter of the high-frequency semicircle is lowered. This is due to the potential dependency of the charge-transfer process of aluminum species at the graphite surface. One additional signature is starting at very low frequencies for the ordinary diffusion of aluminum species. At the DC potential of -1.18 V (Figure 4) , a similar pattern to that observed at -1.16 V was noted; the diameter of the semicircles is thus decreased and the very-low-frequency response is revealed to be a capacitive response. This near-vertical line at low frequency is related to the well-known redox capacitance behavior of graphite film. 18 The electrical equivalent circuit compatible with the Nyquist diagrams is shown in the inset of Figure 4 and the fitted Nyquist diagrams using this equivalent circuit are represented. In this circuit, R 1 , C 1 , and R 2 are the solution resistance, double-layer capacitance, and charge-transfer process of an aluminum redox couple, respectively. Meanwhile, Wo is the open-circuit terminus Warburg element. The values of the electrical element components of this equivalent circuit were obtained by a fitting procedure and are reported in Figure 4 .
The slope of the linear tail at high frequencies is higher than a pure Warburg line (unity), and that at low frequencies is lower than pure capacitance (infinity). However, based on Eq. (8), the theoretical impedance response should be a line with a slope of unity followed by a vertical line, or open-circuit terminus Warburg impedance. Therefore, both parts of the impedance curves in Figure 4 are deviated from the ideal ones. This behavior can be explained in terms of anomalous diffusion: 19 a higher slope than unity is observed for semiinfinite diffusion when the diffusing species wait after each jump for a period drawn from a broad power-law distribution. The effect is that some diffusing species stick for a long time in the diffusion path and diffusion becomes slower. Using Eq. (8) 
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This behavior of the diffusion system means that the system is in a situation in which the number of diffusing particles is not conserved. No particular mesoscopic approach has validated this phenomenological generalization so far. It yields, however, interesting impedance properties, as we show in the following section. The constitutive equation remains the same, Eq. (1). In this generalization, the diffusion equation reads
In this case, the particle flux is zero at the boundary.
Using the boundary condition of Eq. (5), the impedance ions are obtained.
At high frequency, the impedance can be approximated by
Forγ < 1 , Eq. (16) gives a straight line inclined at less than 45
• in the complex plot. At low frequency
where Q = R w ω γ d . The first term in Eq. (17) is a series resistance; the second is a CPE. 21 Thus, at low frequencies, Eq. (17) also tends toward an inclined straight line in the complex plot, as seen in Figure 4 . Comparing Eqs. (16) and (17), one notices that the power-law exponent at low frequencies is exactly double that at high frequency. These features are also found in a model for impedance of porous electrodes, in which transport is driven by drift in the electrical field. 22 In this case, the value of γ was obtained as 0.75 by fitting results of experimental data with Eq. (17) .
At a DC potential of -1.22 V, the diffusion coefficient is the highest and the ion movement occurs at the highest rate. Therefore, the ion accumulation has a minor effect and the capacitance value of the electrode is the lowest. In this case, there is anomalous diffusion with the absorbing boundary, seen in Figure 5 .
In this case, the concentration of the AlCl − 4 at the boundary remains at the equilibrium level.
These standard conditions refer to a random walker absorbed, as in Eq. (18), upon encountering a wall at (x = L).
By applying this boundary condition to Eq. (9), it follows that
The function is illustrated in Figure 4 . The behavior at high frequency is again shown by Eq. (16) . At low frequencies, ω < ω d , the admittance can be written, approximately, as:
where Q = 3R w ω γ d . Eq. (20) is the parallel combination of a resistance and C dl , giving a depressed arc in the complex plot at low frequency.
The impedance functions of anomalous diffusion with an absorbing boundary were previously suggested on a heuristic basis 23 and were used for fitting experimental spectra. Since the model was related to nonuniform diffusion, it is worth noting that the assumed diffusion equation is spatially uniform; it is rather the time dependence that is generalized. Nonetheless, it must be emphasized again that no particular mesoscopic foundation has been provided for this model of anomalous diffusion.
Conclusion
This electrochemical impedance spectroscopy study in molten basic AlCl 3 -NaCl-KCl showed the control diffusion process for AlCl 
